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Edited by Sandro SonninoAbstract The eﬀects induced by natural phenolic and resorcin-
olic lipids on membrane permeability were investigated. All of
the compounds tested perturbed the phospholipid bilayer and sta-
bilized erythrocytes against hypoosmotically induced hemolysis.
Dipalmitoylphosphatidylcholine liposomes with two preincorpo-
rated ﬂuorescent dyes (1-(4-trimethylammoniumphenyl)-6-phe-
nyl-1,3,5-hexatrien p-toluenesulfonate (TMA-DPH) and N-
(-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-
3-phosphoetanolamine triethylammonium salt (NBD-PE)) were
used to determine the eﬀects of tested compounds on the core
and surface of the bilayer. Resorcinolic lipids from rye and car-
dol increased the polarization of TMA-DPH ﬂuorescence more
than that of NBD-PE, but anacardic acid, methylocardol, and
alkylphenol increased NBD-PE dye ﬂuorescence.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Phenolic lipids constitute a heterogeneous group that in-
cludes simple phenols and polyphenols as well as their deriva-
tives [1].
Cashew nut shell liquid (CNSL) is a unique source of mate-
rial useful both in industrial technology and in biological/phar-
maceutical applications. Technical CNSL containing cardol
and cardanol is widely used in the production of polymeric
friction dusts and in certain polymeric/surface coating applica-
tions [2]. Anacardic acid is a potent inhibitor of histone acetyl-
transferase, prostaglandin synthase and lipoxygenase [3], and
it also has anti-microbial properties [4]. Cardanol derivatives
were found to have many biological activities [5–7].
Resorcinolic lipids are also common in cereal grains, e.g.
rye, wheat, barley, and millet [8]. Alkylresorcinols wereAbbreviations: CMC, critical micelles concentration; CNSL, cashew
nut shell liquid from Anacardium occidentale; DGDG, digalactosyl-
diacylglycerol; DPPC, dipalmitoylphosphatidylcholine; LUVs, large
unilamellar vesicles; MGDG, monogalactosyldiacylglycerol; NBD-PE,
N-(-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-
phosphoetanolamine triethylammonium salt; PC, phosphatidylcho-
line; PE, phosphatidyletanolamine; PS, phosphatidylserine; SM,
sphingomyelin; TMA-DPH, 1-(4-trimethylammoniumphenyl)-6-phe-
nyl-1,3,5-hexatrien p-toluenesulfonate; SUVs, small unilamellar vesi-
cles.
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doi:10.1016/j.febslet.2008.09.039reported to have antiparasitic, anticancer, antifungal, antimi-
crobial, and antioxidant eﬀects suggesting involvement in the
regulation of cell metabolism [1,9]. Alkylresorcinols present
in daily diet have been found to be absorbed by rats, pigs
[10], and humans [11,12], but little is known about their
metabolism. Previous in vitro experiments showed that res-
orcinolic lipids exhibit strong amphiphilic character [13],
and show high aﬃnity for lipid bilayers as well as for bio-
logical membranes [14–17].
In the present study we focused on the characterization of
the membrane properties of resorcinolic and phenolic lipids
with respect to biological as well as liposomal membranes.2. Materials and methods
2.1. Materials
All phospholipids were purchased from Lipid Products (Nutﬁeld,
Surrey, GB). All ﬂuorescent probes were from Molecular Probes
(Eugene, OR, USA).
2.2. Isolation of phenolic and resorcinolic lipids
All tested compounds were isolated as described previously [36]. The
purity of the tested compounds was assessed by HPLC method and
was above 98%.
2.3. Critical micelles concentration (CMC) measurements
The CMC of the resorcinolic lipids was determined by surface
pressure changes [37].
2.4. Preparation of erythrocytes
Erythrocytes were isolated from sheep blood as described earlier
[27].
2.5. Hemolytic activity of phenolic lipids
The hemolytic eﬀect of the phenolic lipids on erythrocyte membrane
and the eﬀect of divalent cations on phenolic lipids-induced hemolysis
were studied as described earlier [16].
2.6. The eﬀect of phenolic lipids on hyposomotically induced hemolysis
The experiments were done as described earlier [27].
2.7. Eﬀect of phenolic and resorcinolic lipids on liposomal membranes
Leakage of entrapped calcein and the eﬀect of the phenolic and res-
orcinolic lipids on liposomal surface charge and mobility of lipids were
studied as described earlier [27].3. Results and discussion
The phenolic lipids used in the present study were iso-
lated from CNSL from Anacardium occidentale (cardol,blished by Elsevier B.V. All rights reserved.
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From the chemical point of view, cardol, methylcardol, and
homologues from rye grain are resorcinolic lipids and cardanol
and anacardic acid are alkylphenolic lipids.
3.1. Hemolytic and antihemolytic activity of the phenolic lipids
Phenolic lipids from both rye (Fig. 1) and CNSL (Fig. 2)
exhibited hemolytic activity against sheep erythrocytes with
EH50 values dependent on the length and saturation of the
hydrocarbon chain present in the molecules and/or the chemi-
cal structure of the polar heads of the molecules (Table 1). The
EH50 values (but not csol values) for the resorcinolic lipids
from rye were determined earlier [17]: here they are shown
for comparison only. We used hemolytic curves to obtain csat
and csol values (Table 1). All the hemolytic curves for the
agents from CNSL were biphasic, contrary to what was dem-
onstrated for the resorcinolic lipids from rye bran [17] (Fig. 3).Fig. 1. The structures of resorcinolic lipids from
Fig. 2. The structures of resorcinolic and alkylphAll the investigated compounds from CNSL had lower EH50
values than the resorcinolic lipids from rye bran, especially
those for anacardic acid and cardol. The EH50 values of
cardol, methylcardol, and alkylphenol show signiﬁcant diﬀer-
ences. This eﬀect may depend on small diﬀerences in the chem-
ical structure of the polar part of the molecules since the
structures of their hydrocarbon chains are identical (Fig. 2).
All the investigated compounds from CNSL had csol values
much lower than that of pentadecylresorcinol (a homologue
with an identical number of carbon atoms in its hydrocarbon
chain), but these diﬀerences are signiﬁcantly greater than the
diﬀerences between the EH50 values. Anacardic acid and
cardol show diﬀerences in csat and EH50, but the csol values
are almost identical. This means, that similar amount of
molecules are necessary to start erythrocytes lysis, even though
the localization of its molecules in the phospholipid bilayer is
diﬀerent. It was shown earlier [18,19] that a conical moleculerye grain (C15:0 and C25:0 as an example).
enolic lipids from Anacardium occidentale.
Table 1
Lytic properties of phenolic and resorcinolic lipids from rye and CNSL
Compound EH50 (lM) csat (lM) csol (lM)
15:0 37.5 ± 2.5 – 74 ± 4.1
17:0 40 ± 3.2 – 79 ± 4.6
19:0 49.9 ± 2.8 – 104 ± 4.5
21:0 30 ± 1.8 – 61 ± 3.7
23:0 74.9 ± 2.5 – 149 ± 5
Anacardic acid 10 ± 2.1 3.6 ± 0.2 16.9 ± 3.2
Cardol 18 ± 3.0 14.5 ± 1.8 16.5 ± 2.6
Methylcardol 25 ± 3.05 20 ± 2 29 ± 3.5
Alkylphenol 30 ± 4.9 21.8 ± 1.8 38.6 ± 5.7
csat and csol – lipid concentrations for the onset and complete solubi-
lization of erythrocytes membranes, respectively; EH50 – eﬀective
concentration resulting in 50% lysis of erythrocytes.
Fig. 3. Dependence of the extent of lysis of sheep erythrocytes on the
concentration of pentacylresorcinol (r), anacardic acid (m), and
alkylphenol (+). All phenolic lipids were added to the erythrocyte
suspension as a methanolic solution. After 30 min of incubation, the
amount of released hemoglobin was determined colorimetrically (at
570 nm) in the supernatant after centrifugation of the sample at 650·g
for 10 min. Data are shown in means ± S.D. (n P 3).
Table 2
Critical micelles concentrations of some homologues of resorcinolic
lipids from rye bran
Homolog CMC (lM)
15:0 2.65 ± 0.6
17:0 1.05 ± 0.5
19:0 0.72 ± 0.08
21:0 0.67 ± 0.05
23:0 0.6 ± 0.1
25:0 0.52 ± 0.07
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straint on lipid packing and leads to earlier membrane disrup-
tion than rod-like molecules. On this basis it can be supposed
that the smaller EH50 value of anacardic acid depends on the
greater size of the hydrophilic part and more conical shape
of its molecule.
A dependence between CMC and EH50 values was found
within the homologues isolated from rye bran. Generally, the
homologues with lower CMC (Table 2) show slight ability to
solubilize the erythrocyte membrane, expect homologue 21:0
(which has the most eﬀecting solubilizing properties of all
tested compounds from rye bran although the CMC values
of this homologue is adequate to its molecule structure). It is
in agreement with the hypothesis that membrane solubilization
by surfactants is dependent on their aggregation [20]. It was
shown that the amount of surfactant required for membrane
solubilization increases with the CMC of the surfactants
[21,22]. A similar relationship of lipids from CNSL was impos-
sible to ﬁnd since the CMC values were not determined: all
tested compounds are fractions of chromatographically sepa-
rated CNSL not pure homologues.The lysis of cells induced by various compounds can be
modulated by the presence of divalent cations the medium.
This protective eﬀect been demonstrated for many diﬀerent
lytic agents [17,23–25]. I found that the lysis of erythrocytes
induced by investigated lipids from CNSL was also inhibited
in the presence of divalent cations (Fig. 4A–D), similarly to
the lysis induced by 5-n-alkylresorcinols [17]. The Zn2+ ions
are the most eﬀective of the protection of erythrocytes
(Fig. 4D), which is similar to the eﬀect observed for 5-n-
alkylresorcinols [17], and Cd2+ ions are the weakest
(Fig. 4A). The most intensive protective eﬀect for all investi-
gated cations was shown for the hemolysis induced by anacar-
dic acid (the most perturbing agent). The mechanism of this
eﬀect seems to be similar for all the investigated cations
(Fig. 4B–D), except for Cd2+ (Fig. 4A).
All of the investigated compounds in sublytic concentrations
protect erythrocytes against hypoosmotic lysis (Fig. 5 and 6).
The pre-lytic stage of the surfactant–membrane interaction is
associated with the amphiphiles insertion into the bilayer
[26]. Anacardic acid showed the weakest protection of erythro-
cytes against hypoosmotic lysis, with only 10% (at a concentra-
tion of 1 lM), and the most eﬀective was cardol, at a
concentration of 5 lM, inhibiting more than 50% of lysis.
Methylcardol and alkylphenol showed intermediate activity
(Fig 5), similar to that demonstrated for merulinic acid [27].
Resorcinolic lipids from rye bran demonstrated low ability to
protect red blood cells (Fig. 6).
It was shown a correlation between EH50 value and the abil-
ity to protect cells against hypoosmotic lysis, the only excep-
tion was anacardic acid. Homologues with high EH50 values
showed the lowest ability to protect red blood cells. This
process can be provoked by facilitating the binding of the
investigated compound molecules with carbohydrate residues
covering the lipid bilayer. In this case the stronger eﬀect of
compounds containing unsaturated bonds in molecules may
depend on enlarging the polarity of these molecules and facil-
itating its absorption on the erythrocytes membrane surface.
Diﬀerences between protective eﬀects of studied compounds
appear from small diﬀerences in structure of hydrophilic part
of molecules that can aﬀect on the adsorption capacity of stud-
ied compounds to erythrocyte membrane.
3.2. Leakage of calcein from large unilamellar vesicles (LUVs)
Measurements of carboxyﬂuorescein or calcein leakage are
standard methods for determining liposome permeability
[28]. In the absence of the studied compounds, no leakage of
calcein from LUVs was observed. Pentadecylresorcinol and
cardol caused a substantial increase of calcein leakage
(Fig. 7A and B). Pentadecyresorcinol at the concentration
of 100 lM caused calcein leakage from liposomes made of
Fig. 4. Eﬀect of Cd2+ (A), Co2+ (B), Mn2+ (C), and Zn2+ (D) ions on the relative hemolysis of sheep erythrocytes induced by phenolic lipids from
CNSL at the a concentration of 50% absolute lysis (j) anacardic acid, (h) cardol, (d) methylcardol, (s) alkylphenol. Cations were injected in
microliter amounts of their chloride salts into the samples prior to the addition of erythrocytes and phenolic lipids. For more details see legend of
Fig. 3.
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PC:digalactosyldiacylglycerol (DGDG) of 40% and 35%,
respectively. Cardol induced more than 50% leakage from
LUVs made of PC:DGDG, PC:monogalactosyldiacylglycerol
(MGDG), PC:PE, PC:phosphatidylserine (PS), and phosphati-
dylcholine (PC) at the concentrations of 60 lM and above. It
demonstrated increased aﬃnity to liposomal membranes con-
taining glycolipids (MGDG and DGDG). This process can
be provoked by facilitating the binding of cardol molecules
(containing the unsaturated bonds) with carbohydrate residues
covering the lipid bilayer.
In the presence of pentadecyresorcinol we observed a bipha-
sic eﬀect on calcein leakage from LUVs. Lower phenolic lipid
concentrations caused no statistically signiﬁcant changes in
calcein leakage. At higher homologue concentrations we ob-
served an increase in percent leakage, but it was lower than
that of cardol. According to the well-known three-stage model
of Helenius and Simons [20], cardol causes fast saturation of
lipid bilayers with its molecules (stage I and II) and membrane
perturbation (stage III), which results in leakage of calcein.
Pentadecylresorcinol needs to incorporate more of its mole-cules to start structural alteration of phospholipid membranes.
This observation is compatible with the results of hemolytic
tests.
3.3. The eﬀect of phenolic lipids upon liposomal surface charge
and mobility of lipids
Fluorescein PE is used as a sensor of surface-associated pro-
cesses. Its ﬂuorescence intensity depends on the bulk pH value,
and on the local electrostatic potential [29]. Resorcinolic lipids
isolated from rye have neutral electric charge at a pH near 7.0,
but anacardic acid has a negatively charged carboxylic group,
and caused increases in the ﬂuorescence of the membrane
probe from approx. 14% and 5% (at 5 mol% in the membrane)
to approx. 33% and 20% (respectively in low and high ionic
strength) at 25 mol%. This indicates a decrease in the local
pH value at the membrane surface. Other investigated com-
pounds isolated from CNSL and rye bran did not show any
visible eﬀect (data not shown).
The eﬀect of the studied compounds on the properties of the
bilayer across its thickness was monitored by the alteration of
the ﬂuorescence polarization of probes localized at various
Fig. 5. Dependence of the extent of hypoosmotically induced lysis of
sheep erythrocytes on sublytic concentrations of phenolic lipids from
CNSL (r) anacardic acid, (j) cardol, (d) methylcardol, (j) alkyl-
phenol. Samples contained erythrocyte suspension and microliter
amounts of investigated compounds in 0.9% NaCl buﬀered with
10 mM Tris–HCl, pH 7.4. After 5-min preincubation, 200 ll of these
samples was removed and added to 4 ml 0.55% NaCl buﬀered with
10 mM Tris–HCl (pH 7.4). After 30 min of incubation the amount of
released hemoglobin was determined colorimetrically (570 nm) in the
supernatant after centrifugation of the sample at 650·g for 10 min. The
absorbance of the supernatant obtained after the identical procedure
without adding the studied lipids into the samples was the measure of
100% hemolysis. Data are shown in means ± S.D. (n P 3).
Fig. 6. Dependence of the extent of hypoosmotically induced lysis of
sheep erythrocytes on sublytic concentrations of resorcinolic lipids
from rye (r) 15:0, (j) 19:0, (h) 23:0. For more details see legend of
Fig. 5. Data are shown in means ± S.D. (n P 3).
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dihexadecanoyl-sn-glycero-3-phosphoetanolamine triethylam-
monium salt ((NBD-PE) in the hydrophilic region and 1-(4-
trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatrien p-tolu-
enesulfonate (TMA-DPH) in the deeper region, 10.9 A from
the center of the membrane [30]) (Fig. 8). We used separately
both ﬂuorescent probes preincorporated in dipalmitoylphos-Fig. 7. Leakage of calcein from phospholipid vesicles induced by pentadecyl
(j) PC/PS (80:20 w/w), (s) PC/PE (80:20 w/w), (m) PC/SM (70:30 w/w), (+)
(67:33 w/w). Liposomes were prepared by the extrusion technique. Untrapp
Samples contained liposomes and increasing amounts of the studied lipid
temperature in the dark, and then the leakage of the calcein was determined ﬂ
determining of its ﬂuorescence after the lysis of the liposomes with 0.1%
(n P 3).phatidylcholine (DPPC) liposome bilayers as a model system.
DPPC bilayers are well deﬁned thermodynamically and have
been used to examine the eﬀect of polymer [31], peptide [32],
and drug or membrane agent [33,34] on membrane perturba-
tion. The preparation of liposomes by sonication was used as
described in earlier reports [34–36].
Resorcinolic lipids from rye bran and cardol increase the
polarization of TMA-DPH more than that of NBD-PE.
Alkylresorcinols have highly hydrophobic character (the val-
ues of the logPo/w are over 7.4 [13]) and aﬀects the properties
of the hydrophobic region of the bilayer more than the hydro-
philic ones. These compounds are more hydrophobic than ana-
cardic acid, methylocardol, and alkylphenol, which aﬀect the
properties of the subsurface part of the phospholipid bilayer
(Fig. 8).resorcinol (A) and cardol (B). Liposomes were prepared from (d) PC,
PC/MGDG (67:33 w/w), (r) PC/DGDG (67:33 w/w), (h) PC/CHOL
ed calcein was removed by gel ﬁltration on a Sepharose 4B column.
s in 20 mM Tris–HCl, pH 7.4 were incubated for 15 min at room
uorometrically. The content of calcein in the liposomes was assessed by
Triton X-100 (ﬁnal concentration). Data are shown in means ± S.D.
Fig. 8. The eﬀect of phenolic and resorcinolic lipids on the ﬂuores-
cence intensity of incorporated ﬂuorescence dye (TMA-DPH and
NBD-PE) as illustrated by the values of the tangent of the slope of
ﬂuorescence changes. (1) pentadecylresorcinol, (2) pentacosylresorcin-
ol, (3) anacardic acid, (4) alkylphenol, (5) cardol, and (6) methylcardol;
open bars – NBD-PE; black bars – TMA-DPH. The ﬁnal concentra-
tion of the ﬂuorescent probes in the liposomal membrane was
0.5 mol%. Investigated compounds were added to the small unilamel-
lar vesicles (SUV) liposome suspensions and after 2-min incubations
the value of ﬂuorescence polarization was determined.
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sheep erythrocytes and to increase the ﬂuorescence polariza-
tion of used probes. Anacardic acid and cardol are very eﬀec-
tive in erythrocyte solubilization, and show the most intensive
eﬀect on the ﬂuorescence polarization of dyes. Anacardic acid
acts on dye incorporated into the subsurface part of the
bilayer, whereas cardol acts on the hydrophobic part, similarly
to pentadecyl- and pentacosyl-resorcinol. Additionally, these
compounds (anacardic acid and cardol), having a hydrocarbon
chain with unsaturated bonds in its molecules can cause much
more intensive changes in phospholipid ordering.
Alkylresorcinols are present in human diets rich in high-
ﬁber, whole-grain cereal products and have been found to be
absorbed from the intestinal tract to the blood and their
metabolites have been found in urea. Phenolic and resorcinolic
lipids are also important from an economic point of view, and
can be found in the human environment. It is very important
to understand the inﬂuence of phenolic and resorcinolic lipids
on biological membrane activity, results of which we have
presented here. Further work devoted to using the model
provided by Lichtenberg [22] for the quantitative analysis of
hemolysis and the experimental calculation of the membrane/
water partition coeﬃcient should help us in understanding
membrane solubilization process caused by this compounds.
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